It is explained by the law of the ionic dissociation equilibrium that in the carbon dioxide system in sea water not only the bicarbonate ion content prevails among others (>90%), but also it is nearly constant especially in deep layers (94%).
introduction
It is well known that the carbon dioxide system in the ocean consisting of free carbonic acid (H2CO3), bicarbonate ion (HCO) and carbonate ion (CO3-) is mainly controlled by production and oxidative decomposition of organic matter, and formation and dissolution of solid carbonate represented by calcium carbonate.
Among these processes, the relation between the total carbon dioxide content (21 CO, or T) and regeneration of carbon dioxide through oxidation of organic matter was discussed by the present authors many years ago (MIYAKE and SARUHASHI, 1956) . They showed that the greater part of increase in the total carbon dioxide con .-tent as well as the alkalinity in the deep layers of the ocean is caused mainly by the oxidation of organic matter rather than the dissolution of calcium carbonate as previously suggested by MOBERG and REVELLE (1937) and other investigators.
In this paper, the carbon dioxide system in the ocean is studied in more detail taking the effect of dissolution of calcium carbonate on the carbonate alkalinity into consideration. where [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [H2CO3] , are the molar concentrations of respective chemical species, K1 and K are respectively the apparent first and second dissociation constant of carbonic acid.
By combining the above two equations with the next equation which defines the total carbon dioxide content, T=F+B+C
where F [H2CO3], B = r1-1C01 and C [COT], the following three equations are deduced.
of each component F, B and C in the total carbon dioxide content, a change of K, and K, with temperature, and a change of pH should be considered.
According to LYMAN (1957) , by the change of temperature from 0°C to 20°C, Ki changes from 6.9 x 10-7 to 9.3 x 10', and K2 changes from 3.8 x 10' to 6.5x10-10. On the other hand, when pH changes from 8.2 to 7.4, the hydrogen ion concentration increases from 6.3x109 mole/1 to 4.0x108 mole/I which is seven times higher than the former.
Therefore, it is evident that a change in pH is much more effective on the variation of the carbon dioxide system than a change in water temperature.
However, it is to be noted that the influences associated with a change of pH are mainly on the relative abundance of free carbonic acid and carbonate ion, while little effect is brought about on the fraction of bicarbonate ion. In fact, in the deep layers of the ocean where the temperature and pH are low and nearly constant, the percentage of bicarbonate ion in the total carbon dioxide content has a high and constant value of 94%.
As regards the change in the fraction For example, in sea water with a chlorinity of 19700, F/T and C/T are respectively 0.009 and 0.09 at a temperature of 20°C and pH of 8.0, while they change to 0.043 and 0.017 at 4°C and pH 7.5. That is, under two different conditions F/T increases by five times, while C/T decreases to one fifth. On the contrary, B/T changes only from 0.90 to 0.94 by the same change in sea water conditions. view point. In this section, changes in the carbon dioxide system through biochemical processes are discussed in which production and oxidation of organic matter and dissolution of calcium carbonate are involved. The change in the total carbon dioxide content is expressed as follows :
T=TH-LIT (10) where To=Foi-B04-Co (11) 4T.=4F+4B+4C (12) where 4F-=F-Fo (13) 4E3=B-130 (14) 4C=C-00 (15) By the definition 4 values in the above equations can be either positive or negative. The ocean can be divided into two layers with respect to the carbon dioxide system, i. e., the first layer from the surface to about 1,000 m depth, and the second layer from 1,000 m depth to the bottom.
In the first layer, production and oxidative decomposition of organic matter and formation and dissolution of calcium carbonate take place actively.
On the other hand, in the second layer, only regeneration of carbon dioxide from organic matter and redissolution of a small amount of calcium carbonate go on very slowly.
Concerning To in Eqs. 10 and 11, it is defined that in the first layer, To is the total carbon dioxide content which should be present originally when there are no biochemical reactions, and in the second layer, To is a part of the total carbon dioxide content which does not relate to the biochemical cycle. Fo, Bo and Co are the components of To. 4T is the amount of variation in the total carbon dioxide content, and 4F, JB and JC are its components.
In the ocean, changes in the total carbon dioxide content are mainly caused by release or removal of free carbonic acid respectively through oxidation or production of organic matter, as well as by addition or deduction of carbonate ion respectively through dissolution or formation of solid calcium carbonate. The change in the total carbon dioxide content (mM/kg) through various biochemical processes in the first and the second layers can be expressed as follows. 
The suffixes 1 and 2 represent respectively the first and the second layer. 40 is the amount of carbon dioxide released through oxidation of organic matter, 4b is the amount of carbon dioxide which is converted to organic matter through photosynthesis, 4D' is the difference of the amounts of carbon dioxide released by the dissolution (4D), and lost by the formation of calcium carbonate.
In the second layer, it is considered that the effects of formation of calcium carbonate and production of organic matter are negligible.
No quantity in the above equations is constant, but varies with location and depth in each layer.
Among the above quantities, 40 is obtained by the apparent oxygen utilization (AOU), the difference of the saturated concentration of dissolved oxygen and the observed concentration in situ. It is assumed that 80% of AOU is used for oxidation of organic carbon.
To estimate values of 4D and 4D', a value of [Cal° must be known, which is the concentration of noncyclic calcium in the second layer with a total carbon dioxide of To. A probable value of [Cal° which is consistent with every other factor can be estimated by the method of trial and error to be described later.
In principle, 4b1 should be equal to the concentration of carbon in surface sea water remaining as organic compounds both in dissolved and particulate forms including living matter.
However, a greater part of the organic carbon settles down to the deep as organic debris sooner or later after it has been produced in the surface layer. Therefore, the actual concentration of organic carbon in the surface layer would be much smaller than A,.
Judging from the vertical distribution of the organic carbon in the ocean, the organic carbon concentration remaining in the surface layer is approximately only a half of A,. At any rate, since A, can not be obtained directly from the observation, it must be calculated by using Eq. 16 as follows. (18) However, in order to estimate the value of 4b1, JT, or To in the first layer must be known. It is assumed here that at the same station, To has the same value both in the first and the second layer.
In the second layer, T© can be easily obtained by Eq. 17.
Thus, the total carbon dioxide content in sea water in both layers can be written as follows.
T1=To+401-1-4D; .-4b1 (The first layer)
T2=T0+401+4D2
(The second layer)
In the same way, using the relation
4B--=-(JF-FJC)(21)
the bicarbonate ion contents in the first and the second layer at the same station can be expressed as follows.
131= B0-4F1 -C1+ 401+4D-Jb1
(The first layer) (22) 132,=-130-4F2-4C2+402+JD2
As in the case of To, it is assumed that a value of B© is the same in both layers at the same station.
With respect to the carbonate alkalinity, (CA, m eq/kg), using the relation 4CA---4B-F24C, (24) the following equations are deduced.
CA0=CA0-4F1d-JC1-FJO1+JD-4b1
(The first layer)
(The second layer) (26) It is also assumed here that a value of CAo is the same in both layers at the same station.
Relation between calcium content and carbonate alkalinity in sea water
Up to now, many researchers (TsuNoGAI et al., 1973 , HORIBE et al., 1974 , BREWER et al., 1975 have considered that the dissolution of n mole of calcium carbonate in sea water should bring about the increase of 2n equivalents in the carbonate alkalinity, because carbonate ion is divalent. From this view, they have tried to find out the 1 : 2 relationship between a change in calcium ion content (in mole) and that in the carbonate alkalinity (in equivalent) in sea water.
But this is not the case, because change in the carbonate alkalinity is controlled not only by the dissolution of carbonate, but also by other biochemical processes as shown in Eqs. 25 and 26. Since, as will be shown later, both the calcium content [Ca] and the carbonate alkalinity CA are smallest at the surface of the ocean, the ratio between each change in the two quantities can be obtained by taking a surface value of each component as a respective standard.
Thus, the relation between changes of [Cal and CA are derived from Eqs. 25 and 26 as follows, in which JD' or JD is replaced by 4[Ca] .
and, s denotes a surface value. It is assumed that [Ca] , is the same in both layers at the same station.
The relation between calcium content and carbonate alkalinity is complicated and the ratio also changes widely as shown later in Table 4 .
Discussion
In order to prove the above views on the carbon dioxide system in the ocean, the total carbon dioxide content, the dissolved oxygen content, water temperature and salinity of sea water collected at the stations in the tropical area in the South Pacific Ocean covering the area of about 15° -17°S and 170° -173°W during the cruise of the Antipode 15 Expedition by the Scripps Institution of Oceanography and the observed values of the calcium content (Holum, et al., 1974 It is also reasonable to see that 4b1 tends to diminish with increasing depth, approaching zero at about 500 m below the surface which coincides with the depth of the bottom of euphotic zone.
The fraction of each component (F, B and C) is obtained from the observed values of the total carbon dioxide content (T) by referring to the tables which were previously compiled by one of the present authors for different chlorinity, temperature and pH (SARUHASHI, 1955) .
The carbonate alkalinity is obtained by using the calculated values of B and C. The concentration of every chemical species is normalized to the salinity of 35%o (Cl; 19.374 %o). [Cal°, the noncyclic calcium content in the second layer is determined to be 10.38 mNI/kg by applying the trial and error method.
In Figs. la to id are shown the vertical profiles of T, F, B, C, CA, JO and the calcium content from the surface to the bottom at Stns. 2, 6, 10 and 11. In Tables la to id, the calculated values by using Eqs. 20, 23 and 26 of JO, JD, B0, To and CA0 in the second layer at the same stations as above are given.
In the upper part of Figs. 2a to 2d are shown the vertical profiles in the second layer of T,, B2 etc. In the lower part, the calculated values of To, Bo and CA0 are shown. It is of interest that the values of To, Bo and. CA, are the same at the four station, i. e., To is 2.15 mM/kg, Bo is 2.02 mM/kg and CA© is 2.20 m eq/kg. By using these values Fo and Co are obtained to be 0.04 mM/kg and 0.09 mM/kg.
In Tables 2a to 2d the calculated values of J0,, JD; and 4b1 in the first layer are given at Stns. 2, 6, 10 and 11. In Tables 3a  to 3d the observed  and the calculated  values  are compared with respect to B, T and CA at the same stations. As described above it is assumed here that To etc., are the same in both the first and second layer at the same station.
In In Table 4 are shown the observed and calculated values of the ratio of change with depth in the calcium content O [Ca] in mole and that in the carbonate alkalinity OCA in equivalent at Stns. 2, 6, 10 and 11. Calculated values are obtained by Eq. 28. As seen in Table 4 , there is a good agreement hetween the observed and calculated values of O[Ca]/OCA showing that the ratio is not a constant value of 0.5, but varies widely ranging from 0.1 to 1.0.
These agreements suggest that the above consideration by the present authors on the carbon dioxide system in the ocean is right and appropriate.
However, since the above discussions are mainly based on observations carried out in the tropical areas in the western part of the South Pacific, further studies in other areas in the world oceans are necessary.
